Using a novel technique of modulated photodissociation of carbon monoxide from hemoglobin, we have obtained the rates for conversion between the two quaternary states, R and T, at 3fold ligation. Our measurements at pH 7 and 220 give rates of 780 + 40 sec1 for going from R to T, and 2500 i 200 secI from T to R. This yields an equilibrium constant of 0.31 + 0.04, which is in good agreement with previous estimates. The degree of agreement between this equilibrium constant and that predicted from the allosteric model provides a new, quantitative test of the allosteric description. A sequential model for the change in structure was found incompatible with the data, even if kinetic subunit inequivalence was assumed. The technique described here is quite general and can be used as long as the system under investigation can be repetitively excited in a regime in which it responds linearly to the excitation. Efficient oxygen transport by hemoglobin depends on alteration of its affinity in the course of ligand binding. A wide range of kinetic and equilibrium data is described successfully by a two-state, or allosteric model (1), which posits that the affinities are chiefly controlled by the quaternary structure of hemoglobin. The parameters of this model are the ligand binding and release rates for each of the two structures (R and T) and a set of rates for conversion between the R and T structures with zero to four ligands bound to the tetramer. The model requires that the binding and release rates be independent of the degree or level of ligation, although the interconversion rates may differ for the various degrees of ligation. Despite their importance to the model, there have been few measurements of any rates of change between conformational states (2-4), and no measurements of rate pairs from which equilibrium constants between the R and T structures might be obtained.
and 220 give rates of 780 + 40 sec1 for going from R to T, and 2500 i 200 secI from T to R. This yields an equilibrium constant of 0.31 + 0.04, which is in good agreement with previous estimates. The degree of agreement between this equilibrium constant and that predicted from the allosteric model provides a new, quantitative test of the allosteric description. A sequential model for the change in structure was found incompatible with the data, even if kinetic subunit inequivalence was assumed. The technique described here is quite general and can be used as long as the system under investigation can be repetitively excited in a regime in which it responds linearly to the excitation. Efficient oxygen transport by hemoglobin depends on alteration of its affinity in the course of ligand binding. A wide range of kinetic and equilibrium data is described successfully by a two-state, or allosteric model (1) , which posits that the affinities are chiefly controlled by the quaternary structure of hemoglobin. The parameters of this model are the ligand binding and release rates for each of the two structures (R and T) and a set of rates for conversion between the R and T structures with zero to four ligands bound to the tetramer. The model requires that the binding and release rates be independent of the degree or level of ligation, although the interconversion rates may differ for the various degrees of ligation. Despite their importance to the model, there have been few measurements of any rates of change between conformational states (2) (3) (4) , and no measurements of rate pairs from which equilibrium constants between the R and T structures might be obtained.
We have studied the kinetics of the binding of the last ligand to the 3fold ligated tetramer by means of modulated excitation, and thereby measured the rates of conversion between R and T structures. This method of kinetic study has unique abilities in measuring the time constants of molecular processes that have similar spectral changes and similar time constants. The technique differs from conventional kinetics in that an excitation is repetitively applied and phase-sensitive detection is used. The latter is superior to signal averaging since it permits large signals to be nulled, revealing much weaker relaxation components. With this method, the optical absorption spectrum of the excited species can be obtained simply by scanning a monochromator, so that the separation of different components in the relaxation is assisted by the wealth of information available from static spectra. We have used a mechanically chopped light beam to drive our Hb(CO)4 sample out of equilibrium. A second beam-the analyzing beam-also passes through the sample to a photodetector. The signal from this detector is fed to a lock-in amplifier. The analyzing beam is monochromatic, and can be swept in wavelength or held fixed. We shall refer to the modulation frequency as "frequency" and the analyzing light wavelength as simply "wavelength".
Suppose, for example, that we have a system that we excite into state P at a rate A, and that, once excited, relaxes at a rate k. Suppose, further that we modulate the excitation so that the excitation rate becomes A sin wt. Then dP/dt = -kP + A sin t.
[1] P(t) will have oscillatory solutions, but of course these may lag behind the excitation. It is easy to see that P(t) = P(0)sin(c(t + 0) = k + ( sin wt -An+ (acoS wt. [2] It is straightforward that tan + =-co/k. Conventionally one might take a set of amplitudes at successive times in the decay to equilibrium; here one takes a set of tangents of phase at various frequencies to obtain the same information. A lock-in amplifier can distinguish a particular frequency and also select the sine or cosine terms in [2] that are the in-phase and outof-phase parts, respectively. (Their ratio is tan 4.) It is possible to inject an electronic phase delay between the actual modulation signal and the detection signal so that, for any combination of k and co, the in-phase part vanishes. This nulling ability is of great value, for in a two-component system it will permit one component to be removed even when it dominates the relaxation process. Although we could continue our analysis in a purely algebraic fashion, a vector representation is helpful in visualizing twocomponent systems. The population of the sample that is excited, e.g., the number of hemes from which CO has been removed, can be represented as the length of a vector. If release and recombination are slow compared to the modulation frequency, the excited population will lag behind the excitation. This phase relation is represented by the angle made by the population vector with the x-axis. If the lock-in amplifier (which detects the excited population) has been tuned so as to be in phase with the exciting light, then it detects the projection of the population vector on the x-axis, weighted of course by the size of the spectral change per unit of excitation. This spectral change depends on wavelength, while the population vector, which is independent of wavelength, will depend on the frequency of modulation. If we maintain the convention of projecting the population vector to represent the signal from the lock-in, then tuning the lock-in corresponds to rotating a second set of axes denoted as x'y'. Tuning for maximum signal means rotating the x'y' axes until the x' axis lies along the population vector, P. If two species are excited, with spectral weights sI(X) and S2(X) and with population vectors P L&) and P2(W), then the net signal is their vector sum, siPI + s2P2, and the lock-in will detect projections of this total vector. If the monochromator is set at a wavelength where S2 is zero, then phase can be tuned to minimize the signal from si, i.e., the x'y' axes are rotated to null the signal from s1P,. This is shown in Fig. 1 , where the projection along the y' axis is due solely to species 2. Given a model that generates P2(W), the rates can be determined once the components P2x' and P2y, are determined. In practice, P2x' is small, with a correspondingly large relative uncertainty. In this case it is more accurate to take a series of measurements of P2y, at different frequencies, since knowing these components as a function of frequency also permits determination of the rates. It also readily happens that x' is not exactly aligned along P1, in which case a small component of slP, also appears along the y' axis. This is no problem as long as the spectra s and S2 differ in such a way as to permit the net spectrum on the y' axis to be resolved into the two constituent spectra, the amplitudes of which are Ply, and P2y'. To summarize: we go to a wavelength where there is no absorption change upon exciting species 2, and then null species 1 by tuning the lock-in phase. We then record the projections on the x' and y' axes as a function of wavelength. (These are the in-phase and out-of-phase signals seen by the lock-in.) The net out-of-phase signal, which is sIPl' + s2P2y', is fit by the known spectra sI and S2 to give Ply, and P2y'. This procedure is repeated at several frequencies, giving Ply, (w), which can be compared with the predictions of various models.
It is illustrative to consider two simple models. The first is excitation among a simple three-level system. Modulated excitation proceeds from level G to level R; R may decay back to G with rate kR or may relax to state T. State T, in this model, can only relax back to R. The rates between R and T are kRT and kTR. If T(t) is the population in state T, and R(t) likewise, then dT(t)/dt = -kTRT(t) + kRTR(t) dR(t)/dt = -kRTR(t) + kTRT(t)-kRR(t) + Ae [3] A incorporates all necessary factors (e.g., quantum yield) relevant to the excitation probability. We use complex notation to facilitate resolution into x and y components. It is clear that T(t) and R(t) will be oscillatory of the form T(t) = T(O)eiwtTeiwt, and similarly for R. Note that R and T are complex quantities. Then T = IkRT/(kTR + iw)A R [4] so that the y' component is Ty, = |kRTW/(kTR2 + W2)I IRI [5] The quantities T-yand R are precisely those which are mea- [7] and likewise for (, where we make the assumption that the two do not interact (or compete for ligands), and that the probability for excitation, A, is the same for each species. [9] where k = (kd + ka)/2 and Ak = (k# -ka)/2. The measured quantity is the ratio Pay'/(Pa + P,), which has the same form as Ty,/ IR I had, so that Eq. [9] can be linearized in the same form as [5] . [11] If the amplitude of the AC part of this expression is divided by the DC part, the quotient is 2.3 lAEAc, from which the otherwise troublesome dependence of e on wavelength has been removed. This division is accomplished by using feedback control of the high voltage on the photomultiplier (6). We checked for scattered light at the highest voltages used, and found this artifact to be insignificant on the scale of signals we typically obtained.
For measurement of absolute phase angles, a Fluke 410B high-voltage supply provided constant voltage on the photomultiplier. The tangent of the phase angle was directly obtained by dividing the out-of-phase lock-in output by the in-phase output on a Princeton Applied Research ratiometer. In the measurement of absolute phase, the importance of eliminating or accounting for all electronic phase shifts cannot be overemphasized. At large values of the tangent, considerable errors can be generated by delays of only a few microseconds, even for a chopping frequency of 1 kHz. The problems of the absolute phase zero and artifacts due to the finite sizeof the source are solved by taking phase measurements with opposite directions of rotation of the chopping wheel, and averaging the phase angles.
Wavelength was scanned from 450 to 400 nm, at speeds of 5 nm/min and 10 nm/min for the out-of-phase and in-phase measurements, respectively, with time constants of 1 or 3 sec. The data were plotted on an x-y recorder, with the x-axis driven from a voltage taken from a potentiometer gauged to the wavelength drive of the monochromator. The graphs were smoothed by eye, and data were taken by hand every 2 nm. Three different spectra were used to fit the data. The spectrum of CO minus deoxyhemoglobin was taken from the data of Olson and Gibson (7); the spectrum characteristic of affinity change, which we shall call the RT difference spectrum, was taken from the N-ethylsuccinamide des-Arg-hemoglobin data of Perutz et al. (8) ; and for small corrections of residual oxygen, a set of data for CO minus oxyhemoglobin was generated in our lab. The need for an oxygen correction arises since the excitation we produce is only 1% of the total sample, and the out-of-phase spectrum is typically forty times smaller. Oxygen at micromolar concentrations makes an observable perturbation on this outof-phase spectrum.
Because much is known about the R-T deoxy difference spectrum, we have carried out the analysis using this information. In cases where equivalent information is lacking, there does exist a simple algorithm for uniquely separating two components with different (but unknown) spectra and relaxation rates.
RESULTS
Data were taken on samples with free CO concentration at 10% and 100% of saturation, at chopping frequencies between 100.0 Biophysics: Ferrone and Hopfield and 1000.0 Hz. The total photolysis level was no more than 1% of the hemes in the sample, implying that 95% of the signal observed is due to the removal of a single CO per tetramer. A typical data scan-is shown in Fig. 2 . Note that our procedure has given an almost pure spectrum for CO minus deoxyhemoglobin in one channel, and chiefly an R-T deoxy difference in the other. Our curve-fitting procedure is thus less delicate than if other axes had been chosen. The data were reduced and analyzed as described above. We also measured absolute phase at a single wavelength (435 nm) for several chopping frequencies, to verify that the free CO concentration had changed (Fig. 3) . The linearity of the plot is a good indication that a single relaxation process dominates. As an example of the curve-fitting procedures used, the fit to the data is also shown in Fig. 2 . The parameters obtained from these curves are plotted in Fig. 4 . Three different samples are shown: two with 10% free CO, and one with 100% CO. As noted above, the interpretation of the slope and intercept in such plots depends on the model chosen. In the allosteric model the slope is l/kRT, while for inequivalent subunits it is 2/Ak. We can thus discriminate between the two hypotheses, for kRT should be independent of CO concentration while Ak depends linearly on CO. It is apparent that the slope in Fig. 4 that occurs in a tetramer with an unligated alpha chain. It is still to be explored whether the allosteric rates are different with an unligated beta chain.
The equilibrium constant L3 is given by Lc3 in the allosteric model, where L and c have their usual definitions (1). Since L and c are determined from equilibrium studies, c so determined is sensitive only to the value of the first ligand affinity in the T structure and the last ligand affinity in the R structure. The allosteric model assumes that the affinity (except for purely statistical factors) is independent of the degree of ligation in a fixed quaternary structure. The free energy difference between fourth-ligand affinity in R and first in T thus determined is AG = -RT In c = 3.6 kcal. Our experimental value of L3 determines the average of AG for three ligands in T (compared to the binding of the fourth ligand in R). Discrepancies between the model and the measurements, aside from differences in solution conditions, provide a measure of the strength of interactions within the T quaternary structure. In the absence of complete CO binding studies free of dimer effects, we turn to oxygenation data for equilibrium parameters. The data of Imai predict values of L3 = 0.83 at pH 7.4, 25°and 2 mM diphosphoglycerate, and L3 = 0.10 at pH 7.4, 25°and 0.1 M NaCl. Our value of L3 = 0.31 (in 0.1 M phosphate) corresponds to a difference between the average binding energy and the first ligand binding energy less than 0.25 kcal/mol. Thus, we see very little effect of the presence of one ligand on the binding energy of another in the T quaternary structure compared with the essential 3.6 kcal of interaction energy. This supposition of the allosteric model is found to be quantitatively sound. Noncorresponding solution conditions and the difference between 02 and CO, not the experimental measurements, are the limiting factors in the significance of the present comparisons. Studies on oxygen, though more difficult, do appear feasible.
Values for kRT and kTR may be particularly useful in oxygen binding studies, for which the allosteric transition may be rate limiting. Ilgenfritz and Schuster (14) find in T-jump experiments rates for 02 binding on the order of 107 M-1 sec1. In light of our data, it is not surprising that their data could not be reconciled with a model that assumes conformational change was faster than later ligation stages.
